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Ultrathin Rh films on Ru(0001): oxidation in confinement
Abstract
Ultrathin rhodium films with a thickness ranging from 1 to a few monolayers were deposited on a
single-crystal Ru(0001) surface in order to investigate the oxidation behavior of ultrathin epitaxial films
on a dissimilar substrate. It is found that rhodium grows on Ru(0001) initially layer by layer, adapting
the in-plane lattice parameters of Ru(0001). When exposing Rh films to oxygen environment (similar to
4.8x10(6) L O-2 exposure) at 660 K, 2-4 ML Rh films form a surface oxide composed of (9x9) O-Rh-O
trilayers. Quite in contrast, oxidation of the 1 ML Rh/Ru(0001) film leads to a poorly ordered oxide with
a rutile structure reminiscent of RuO2(110) on Ru(0001). The oxidized 1 ML Rh/Ru(0001) film
contains much more oxygen than the oxidized thicker Rh films. Lower temperatures (535 K) and high
doses of oxygen lead to a (1x1)-O overlayer on the 1 ML Rh/Ru(0001) surface, whose atomic geometry
resembles closely that of the (1x1)-O phase on clean Ru(0001).
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Ultrathin rhodium films with a thickness ranging from 1 to a few monolayers were deposited on a
single-crystal Ru0001 surface in order to investigate the oxidation behavior of ultrathin epitaxial
films on a dissimilar substrate. It is found that rhodium grows on Ru0001 initially layer by layer,
adapting the in-plane lattice parameters of Ru0001. When exposing Rh films to oxygen
environment 4.8106 L O2 exposure at 660 K, 2–4 ML Rh films form a surface oxide
composed of 99 O–Rh–O trilayers. Quite in contrast, oxidation of the 1 ML Rh/Ru0001 film
leads to a poorly ordered oxide with a rutile structure reminiscent of RuO2110 on Ru0001. The
oxidized 1 ML Rh/Ru0001 film contains much more oxygen than the oxidized thicker Rh films.
Lower temperatures 535 K and high doses of oxygen lead to a 11-O overlayer on the 1 ML
Rh/Ru0001 surface, whose atomic geometry resembles closely that of the 11-O phase on
clean Ru0001. © 2006 American Institute of Physics. DOI: 10.1063/1.2159489I. INTRODUCTION
The formation of surface oxides is an important issue in
a variety of technological fields including heterogeneous ca-
talysis, corrosion, as well as microelectronic devices involv-
ing protective and/or insulating oxide layers.1–9 For some
transition-metal systems the initial oxidation leads to self-
limiting oxide films with a thickness of about 1 nm, of which
the atomic-scale processes are still a matter of controversial
discussion.10,11 Intuitively subsurface oxygen with a critical
concentration in the surface-near region may serve as the
precursor for the initial surface oxidation.12 The concentra-
tion of subsurface and dissolved oxygen should depend,
however, critically on the geometric constraints. If the di-
mensions of the metal are reduced to nanoparticles or ultra-
thin metal films, the formation of subsurface oxygen and also
the oxidation behavior are expected to be different from
those of the bulk materials. One simple way to model oxida-
tion in confinement is to oxidize ultrathin epitaxial metal
films grown on dissimilar metal substrates. Ultrathin metal
films are confined in one dimension, thereby having a much
lower O capacity and contamination level than bulk materi-
als. In particular, when the thickness of the metal film is
smaller than that of the corresponding self-limiting oxide
film new physics and chemistry may come into play. Addi-
tionally, the interface between the metal film and substrate
may stabilize subsurface O.
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films of varying thickness on a single-crystal Ru0001 sur-
face. The Rh films with various thicknesses of 1–4 ML were
subsequently oxidized to comprehend on the film thickness
dependence of the oxidation process. We found a different
oxidation behavior between the 1 ML Rh film and Rh films
thicker than 2 ML, in terms of the atomic structure and the O
concentration of the resulting surface oxides. Quite in con-
trast to bulk Rh111, a stable 11-O overlayer can be
produced on the 1 ML Rh/Ru0001 surface by exposing the
film to high doses of oxygen but at a lower sample tempera-
ture than required for oxide formation. With a quantitative
low-energy electron diffraction LEED analysis we deter-
mined the atomic structure of such 11-O/1 ML
Rh/Ru0001 system.
II. EXPERIMENTAL DETAILS
Rh layers were evaporated onto single-crystal Ru0001
in an ultrahigh vacuum UHV chamber using an electron-
beam evaporator. The UHV chamber base pressure 2
10−10 mbar is additionally equipped with a four-grid
backview LEED optics, a quadrupole mass spectrometer for
thermal-desorption spectroscopy TDS, Auger electron
spectroscopy AES, and facilities for surface cleaning e. g.,
Ar-sputter gun. Prior to Rh film deposition, the Ru0001
substrate was cleaned by cycles of argon-ion sputtering and
flashing up to 1400 K. Rhodium was evaporated from a
well-outgassed source consisting of a short Rh rod diameter:
1 mm, purity: 99.5% by electron-beam bombardment. The
evaporation rate and the total Rh deposition were controlled
by the Rh-ion flux during evaporation. The background pres-
© 2006 American Institute of Physics06-1
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10−10 mbar regime. A growth temperature of 650 K was cho-
sen to avoid contamination of the bare Ru0001 substrate
surface by residual gas adsorption such as CO and H2 and to
facilitate a layer-by-layer growth of Rh on Ru0001, while
keeping the intermixing/alloying between Rh and Ru negli-
gible.
The Rh films with thickness of 1–4 ML were oxidized
under UHV conditions at a substrate temperature of Tsub
=660 K using a glass capillary oxygen shower pO2=4
10−5 mbar, for 20 min, resulting in a total O2 exposure of
4.8106 L. The surface structure of the resulting oxide
films was characterized by LEED, and the oxygen content/
number of oxygen monolayers was estimated by TDS and
AES. For preparing a 11-O overlayer on the 1 ML
Rh/Ru0001 surface, the Rh film was exposed to pO2
=510−7 mbar of oxygen for 20 min under the capillary
shower at a sample temperature of 535 K 6104 L O2
exposure. The atomic geometry of the 11-O overlayer
on the 1 ML Rh/Ru0001 film was resolved by a quantita-
tive LEED I-V analysis. Experimental LEED I-V measure-
ments were taken at normal incidence of the primary beam at
a sample temperature of 170 K. A computer-controlled video
camera was used to record integral spot intensities of three
integer-order beams energy range: 80–430 eV from the
fluorescence screen. LEED I-V curves were calculated using
the program package developed by Moritz13 and Moritz and
co-workers.14,15 The experimental LEED data were fitted in
an automatic way, applying a least-squares optimization
scheme. The agreement between the experimental and calcu-
lated LEED I-V curves was quantified by using Pendry’s R
factor Rp.
16
III. RESULTS AND DISCUSSION
A. Structure of ultrathin Rh films on Ru„0001…
A detailed investigation on the initial growth and struc-
ture of ultrathin Rh films 1–3 ML epitaxially grown on
single-crystal Ru0001 has already been reported
elsewhere.17 Here we will briefly summarize those results
which are necessary for a thorough discussion of the ob-
served oxidation behavior of the Rh films. Both AES and
LEED revealed that rhodium grows layer by layer on the
Ru0001 substrate at a temperature of 650 K, adapting the
in-plane lattice parameters of Ru0001, i.e., pseudomorphic
growth. Structural analyses by quantitative LEED and
density-functional theory DFT calculations indicate that the
atomic geometry of the Rh films is Rh111 bulklike. Most
remarkably, an interesting stacking behavior of the Rh layers
on Ru0001 was observed. In all cases from 1 to 3 ML Rh
films the first Rh layer continues the imposed Ru0001 hcp
stacking ¯abaB. However, the registry of the second Rh
layer depends on the film thickness. In the 2 ML Rh film, the
second Rh layer is in the fcc position ¯abaBC if the top-
most Ru layer is included into the consideration. Quite in
contrast, the second Rh layer in the 3 ML Rh film switches
back to the hcp stacking of Ru0001 ¯abaBA, so that the
3 ML Rh film stacks in an fcc sequence of ¯abaBAC.
This observation is rather unexpected. As illustrated in
Downloaded 30 Jul 2008 to 130.60.136.208. Redistribution subject toFig. 1, if we start from the 2 ML Rh film, evaporating addi-
tionally 1 ML of Rh at room temperature would end up with
3 ML Rh film having a stacking sequence ¯abaBCA. This
stacking sequence is different from ¯abaBAC and ener-
getically less favorable by almost 70 meV/unit cell according
to the DFT calculation. The 4 ML Rh film reveals a stacking
sequence ¯abaBACB which is expected a continuation of
the 3 ML Rh film geometry.
B. Oxidation of ultrathin Rh films on Ru„0001…
After exposing the Rh films to 4.8106 L O2 at
660 K, we examined the structural changes upon oxidation
by LEED. As depicted in Fig. 2a, oxidation of the clean
Ru0001 surface leads to a well-ordered RuO2110 film
with rutile structure.18 When the 1 ML Rh/Ru0001 surface
is oxidized, the LEED pattern is rather diffuse, indicating a
poorly ordered RuO2-type structure see Fig. 2b. In the
cases of 2 and 3 ML Rh films we observe in LEED a 9
9 pattern which is indicative of an O–Rh–O trilayer based
structure cf. Figs. 2c and 2d, similar to that identified
previously for the oxidation of single-crystal Rh111.4 There
is no indication that the Ru0001 substrate underneath the 2
and 3 ML Rh films oxidizes into crystalline RuO2 as well.
Note that the triangle-featured LEED pattern of the rutile
FIG. 1. Schematic illustration of the stacking sequence of the 1, 2, and 3
ML Rh films deposited on Ru0001 at 650 K. When 1 ML Rh is evaporated
additionally on the 2 ML Rh film at a low temperature RT or lower, a
metastable 3 ML Rh film …BCA is formed, in contrast to the equilibrium
phase having a stacking sequence of …BAC.
FIG. 2. LEED patterns of a the clean, b 1 ML, c 2 ML, and d 3 ML
Rh covered Ru0001 surfaces after O2 exposure of pO2=410−5 mbar at
660 K for 20 min. All LEED images were recorded at an electron-beam
energy of 68 eV.
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pattern associated with the O–Rh–O trilayer structure com-
pare Fig. 2a and 2c.
By TDS we determined the total amounts of oxygen of
the oxidized 1, 2, and 3 ML Rh films cf. Fig. 3 in compari-
son with that of RuO2110 formed on the pure Ru0001
after applying a similar oxygen exposure 4.8106 L O2
at a same temperature of 660 K. The total amount of oxygen
in the oxide films is estimated from the integrated oxygen
desorption peak using the Ru0001– 11O as reference
defines 1 ML of oxygen. The highest amount of oxygen is
found for the oxidation of pure Ru0001 system forming a
RuO2110 film of approximately 15 ML of oxygen. When 1
ML of Rh covers the Ru0001 surface the total amount of
oxygen reduces by about 20%. For the 2 and 3 ML Rh films
the oxygen content is only 3–5 ML of oxygen consistent with
the formation of two, respectively, three O–Rh–O trilayers.
Obviously, the Rh2O3 surface film is blocking further oxygen
uptake. Another feature seen in Fig. 3 is that the oxygen
desorption temperature of the oxidized 1 ML Rh film is iden-
tical to the decomposition temperature of RuO2, while oxy-
gen desorbs from the oxidized 2 and 3 ML Rh films at a
temperature corresponding to the Rh surface oxide. In Table
I, the total oxygen content and the characteristic desorption
temperature of the oxidized Rh films with various thick-
nesses are compiled and compared with those of the
RuO2110 formed on pure Ru0001 substrate under the
same oxidation conditions.
Next, we compare our findings on the oxidation of ultra-
thin Rh films to the previously reported oxidation behavior
of single-crystal Rh111 to identify the effect of oxidation in
FIG. 3. TD spectra of the clean, 1, 2, and 3 ML Rh covered Ru0001
surfaces after O2 exposure of pO2=410−5 mbar at 660 K for 20 min
heating rate: 6.5 K/s.
TABLE I. The oxygen content and characteristic desorption temperature of
Rh films with various thicknesses and pure Ru0001 after oxidation under
the similar reaction conditions, i.e., pO2=410−5 mbar and Tsub=660 K
for 20 min.
Sample
O content
ML
Desorption temp.
K
Ru0001 15.2 971
1 ML Rh 11.7 970
2 ML Rh 3.4 859
3 ML Rh 5.3 842Downloaded 30 Jul 2008 to 130.60.136.208. Redistribution subject toconfinement. Our results demonstrate that a single O–Rh–O
trilayer cannot be formed by the oxidation of the 1 ML Rh
film on Ru0001. The LEED pattern of the oxidized 1 ML
Rh/Ru0001 surface—although diffuse—reveals exclu-
sively a RuO2-type rutile structure of the oxide. In accor-
dance the oxygen TD spectrum of the oxidized 1 ML
Rh/Ru0001 shows a single desorption peak at the same
temperature where RuO2 decomposes. Both techniques indi-
cate that the Ru0001 substrate underlying the 1 ML of Rh
is oxidized into RuO2-type of oxide. In our case of a single
Rh layer grown on Ru0001, oxygen penetrates the single
Rh layer and oxidizes right away the supporting Ru0001
substrate. In the cases of 2 and 3 ML Rh films on Ru0001,
a surface oxide is formed in a similar way as in the case of
single-crystal Rh111. Both LEED and TDS manifest that
the surface oxide growth is self-limiting. In LEED, apart
from the characteristic 99 pattern corresponding to
O–Rh–O trilayers, no other diffraction spots associated with
the rutile structure are visible, indicating that the oxidation is
confined to the 2 and 3 ML Rh films without attacking the
Ru substrate. The total O content in the surface oxides, esti-
mated by TDS, is in the range of 3–5 ML which is reconciled
with the O–Rh–O trilayer structures in which 2 and 3 ML of
Rh are involved as proposed in Ref. 4.
It is rather unexpected and peculiar that oxidation of 2
ML of Rh on Ru0001 is already similar to oxidation of the
Rh111 single crystal. O–Rh–O trilayers are formed which
passivate the surface and thereby preventing further oxida-
tion of the underlying Ru substrate. To support this view, we
performed additional spectroscopic measurements, namely,
AES, on the as-grown and the oxidized Rh films of various
thickness and compared these results with those of the pure
and oxidized Ru0001 surfaces. Figure 4a shows the Au-
ger electron spectra of the 1 ML Rh/Ru0001 and 3 ML
Rh/Ru0001 films after oxidation under same conditions. It
reveals qualitatively that the oxidized 1 ML Rh/Ru0001
film contains much more O than the oxidized 3 ML
Rh/Ru0001 film, in agreement with TDS measurements. In
Fig. 4b, the Auger lines of Ru273 eV of the pure
Ru0001 and the 1, 2, and 3 ML Rh films on Ru0001 are
compared with those of their oxidized counterparts. A peak-
valley interval in the derivative AES represents approxi-
mately the half-width of the peak in the raw Auger electron
spectrum. For the Ru0001 substrate, the Ru273 eV AES
peak broadens by about 2 eV upon oxidation. The broaden-
ing of the Ru273 eV peak, originating from the contribu-
tion of both oxidic and metallic components, can serve as a
signature for the oxidation of Ru. A similar broadening of the
Ru273 eV AES peak occurs for the 1 ML Rh/Ru0001
film upon oxidation, demonstrating the oxidation of underly-
ing Ru substrate. In contrast, oxidation of 2 and 3 ML Rh
films on Ru0001 does not cause any broadening of the
Ru273 eV peak, which reveals that the metallic nature of
the underlying Ru substrate is preserved, i.e., the oxidation is
confined merely to the covering 2 and 3 ML Rh films.
In summary we have provided ample of evidence that
the oxidation of ultrathin Rh films on Ru0001 depends
critically on the film thickness, thus establishing a clear-cut
example for oxidation in confinement. The 1 ML Rh film on
 AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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ture, accommodating comparable amount of oxygen as on
clean Ru0001. Rh films thicker than 2 ML form always a
self-limiting surface oxide film. We may speculate that the
thickness-dependent oxidation behavior of Rh films is attrib-
uted to their atomic geometries. The 1 ML Rh film for in-
stance follows the hcp stacking sequence of the supporting
Ru0001 substrate. Despite the slight difference in the top-
most layer distance, the 1 ML Rh/Ru0001 film undergoes
similar structural rearrangement as the pure Ru0001 upon
oxidation. Rh films thicker than 2 ML already establish its
intrinsic fcc stacking sequence, and therefore oxidizing in a
manner analogous to oxidation of the single-crystal
Rh111.4
C. „1Ã1…-O overlayer on the 1 ML Rh/Ru„0001…
surface
It is well established that a high-coverage 11-O
overlayer can be formed on the clean Ru0001 surface by
dissociative adsorption of molecular NO2 or O2.19,20 In con-
trast, on a single-crystal Rh111 surface the saturation oxy-
FIG. 4. a AES survey spectra of the oxidized 1 ML Rh/Ru0001 and 3
ML Rh/Ru0001 films. b Comparison between the as-grown dotted-
curve and oxidized solid-curve pure Ru0001 substrates, 1 ML
Rh/Ru0001, 2 ML Rh/Ru0001, and 3 ML Rh/Ru0001 films with re-
spect to AES Ru273 eV line. For a better comparison of the linewidth, all
spectra are shifted to peak at the same electron energy.gen coverage is known to be the 22-3O phase with a
Downloaded 30 Jul 2008 to 130.60.136.208. Redistribution subject tomolecular O2 exposure.21 Only by using atomic O a meta-
stable Rh111– 11-O overlayer could be prepared,
which disappeared upon moderate annealing.22,23 On the 1
ML Rh/Ru0001 film surface, however, we are able to pro-
duce a stable 11-O overlayer applying high doses of
molecular O2 at a temperature of 535 K. In comparison with
the 11-O phase on Ru0001 required O2 exposure
6103 L O2 a higher O2 exposure 6104 L is
needed to form a 11-O overlayer on the 1 ML
Rh/Ru0001 surface.
Using quantitative LEED, we determined the atomic ge-
ometry of the 11-O overlayer on 1 ML Rh/Ru0001.
The optimum atomic geometry of the system is displayed in
Fig. 5a. The corresponding LEED I-V data for this best-fit
geometry are compared in Fig. 5b with the experimental
LEED I-V curves; the overall Rp factor is 0.24 quantifying a
good agreement. The O atoms occupy the hcp hollow sites
on the surface as in the case of O adsorption on the pure
Ru0001.19 Note that on Rh111 O prefers the fcc site at a
low coverage,24 while occupying both fcc and hcp sites at a
higher coverage.21 Again the 1 ML Rh film on Ru0001
behaves more like a continuation of the Ru0001 substrate
than like bulk Rh111. The O–Rh layer distance is
1.22±0.02 Å resulting in a Rh–O bond length of
1.98±0.03 Å. A remarkable feature of the 11-O phase is
the substantial expansion of the topmost Rh–Ru layer dis-
tance 2.25 Å by 3.7%. The atomic geometry of the 1
1-O/1 ML Rh/Ru0001 system is very similar to that of
the 11-O phase on Ru0001, in terms of the interatomic
distance and interlayer distance, supporting the view that the
structural similarity of 1 ML Rh/Ru0001 and Ru0001
may facilitate the formation of a 11-O overlayer on the 1
ML Rh/Ru0001 film surface.
IV. CONCLUSIONS
Rhodium grows on Ru0001 surface epitaxially and
pseudomorphically in a layer-by-layer mode. The 1 ML Rh
film continues the hcp stacking sequence of Ru0001, while
the 2 ML and thicker Rh films already adopt its intrinsic fcc
stacking sequence. Extensive oxygen exposure of 2–4 ML
FIG. 5. a Top view and side view of the atomic geometry of the 11-
O/1 ML Rh/Ru0001 surface with O atoms sitting in the hcp-hollow sites.
The given interlayer distances are determined by LEED. b Comparison
between experimental and calculated LEED I-V curves for the best-fit ge-
ometry of the 11-O phase on 1 ML Rh/Ru0001. The overall R factor
is Rp=0.24.Rh films leads always to a surface oxide with a 99
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crystal Rh111. Quite in contrast, the 1 ML Rh/Ru0001
film forms a poorly ordered oxide with the same rutile struc-
ture as RuO2110, accommodating much more oxygen than
the oxidized thicker Rh films. Lower temperatures 535 K
and high doses of oxygen result in a 11-O overlayer on
the 1 ML Rh/Ru0001 film with an atomic geometry similar
to that of the 11-O phase on the clean Ru0001 surface.
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